Copp SW, Stone AJ, Li J, Kaufman MP. Role played by interleukin-6 in evoking the exercise pressor reflex in decerebrate rats: effect of femoral artery ligation. Am J Physiol Heart Circ Physiol 309: H166 -H173, 2015. First published April 24, 2015 doi:10.1152 doi:10. /ajpheart.00195.2015 signaling via the soluble IL-6 receptor (sIL-6r) has been shown to increase primary afferent responsiveness to noxious stimuli. This finding prompted us to test the hypothesis that IL-6 and sIL-6r would increase the exercise pressor reflex in decerebrate rats with freely perfused femoral arteries. We also tested the hypothesis that soluble glycoprotein (sgp)130, an inhibitor of IL-6/sIL-6r signaling, would decrease the exaggerated exercise pressor reflex that is found in decerebrate rats with ligated femoral arteries. In rats with freely perfused femoral arteries, coinjection of 50 ng of IL-6 and sIL-6r into the arterial supply of the hindlimb significantly increased the peak pressor response to static (control: 14 Ϯ 3 mmHg and IL-6/sIL-6r: 17 Ϯ 2 mmHg, P ϭ 0.03) and intermittent isometric (control: 10 Ϯ 2 mmHg and IL-6/sIL-6r: 15 Ϯ 4 mmHg, P ϭ 0.03) hindlimb muscle contraction. In rats with ligated femoral arteries, injection of 50 ng of sgp130 into the arterial supply of the hindlimb reduced the peak pressor response to static (control: 24 Ϯ 2 mmHg and sgp130: 16 Ϯ 3 mmHg, P ϭ 0.01) and intermittent isometric (control: 16 Ϯ 2 mmHg and sgp130: 13 Ϯ 2 mmHg, P ϭ 0.04) hindlimb muscle contraction, whereas there was no effect of sgp130 on the exercise pressor reflex in rats with freely perfused femoral arteries. We conclude that coinjection of exogenous IL-6 and sIL-6r increased the exercise pressor reflex in rats with freely perfused femoral arteries. More importantly, we also conclude that IL-6 and sIL-6r play an endogenous role in evoking the exercise pressor reflex in rats with ligated femoral arteries but not in rats with freely perfused femoral arteries. skeletal muscle afferents; sympathetic nervous system; cytokines IL-6 FUNCTIONS as both a proinflammatory cytokine released from macrophages and other tissues as well as an anti-inflammatory myokine released from skeletal muscle (16, 19, 29) . IL-6 binds to a membrane-bound IL-6 receptor (IL-6r) when it is present and then associates with the secondary membranebound signaling protein glycoprotein (gp)130. Alternatively, IL-6 may bind to a soluble form of IL-6r (sIL-6r) and then associate with membrane-bound gp130. A soluble circulating form of gp130 (sgp130) acts as an inhibitor of the IL-6/sIL-6r complex (20). IL-6 has been linked to numerous physiological processes, including tissue regeneration (35), platelet aggregation (28), and metabolic control (23, 43) . A large body of evidence has also demonstrated that IL-6 signaling via sIL-6r, which has been termed IL-6 "trans-signaling" (34), sensitizes primary afferents (8, 13, 27, 48) . Obreja et al. (27) found, for example, that dermal application of IL-6 and sIL-6r via microdialysis, but not application of IL-6 alone, sensitized rat skin afferents to noxious heat and that the IL-6/sIL-6r-induced afferent sensitization was prevented by local application of sgp130.
IL-6 FUNCTIONS as both a proinflammatory cytokine released from macrophages and other tissues as well as an anti-inflammatory myokine released from skeletal muscle (16, 19, 29) . IL-6 binds to a membrane-bound IL-6 receptor (IL-6r) when it is present and then associates with the secondary membranebound signaling protein glycoprotein (gp)130. Alternatively, IL-6 may bind to a soluble form of IL-6r (sIL-6r) and then associate with membrane-bound gp130. A soluble circulating form of gp130 (sgp130) acts as an inhibitor of the IL-6/sIL-6r complex (20) . IL-6 has been linked to numerous physiological processes, including tissue regeneration (35) , platelet aggregation (28) , and metabolic control (23, 43) . A large body of evidence has also demonstrated that IL-6 signaling via sIL-6r, which has been termed IL-6 "trans-signaling" (34) , sensitizes primary afferents (8, 13, 27, 48) . Obreja et al. (27) found, for example, that dermal application of IL-6 and sIL-6r via microdialysis, but not application of IL-6 alone, sensitized rat skin afferents to noxious heat and that the IL-6/sIL-6r-induced afferent sensitization was prevented by local application of sgp130.
Exercise elicits marked cardiovascular and autonomic adjustments that include increases in blood pressure and sympathetic nervous system activity. The exercise pressor reflex contributes importantly to the cardiovascular and autonomic adjustments that occur during exercise (21) . The afferent arm of the exercise pressor reflex is comprised of thinly myelinated group III and unmyelinated group IV afferents, collectively known as thin fiber afferents, whose sensory endings are located within the interstitium of skeletal muscle and are activated by both mechanical and metabolic stimuli (22, 24) . The exercise pressor reflex is activated during static exercise when blood flow and O 2 supply to the contracting muscles change minimally (10, 24, 31, 39) as well as during dynamic exercise when blood flow and O 2 supply to the contracting muscles are able to increase (1, 12) .
Our laboratory has demonstrated that the exercise pressor reflex is larger in rats whose femoral artery was ligated 72 h before the experiment than it was in rats whose femoral arteries were freely perfused (41) . Ligation of a femoral artery for 72 h in the rat does not impact hindlimb muscle blood flow at rest but reduces hindlimb muscle blood flow reserve capacity to only ϳ20 -30% of normal during exercise (33, 47) . The hindlimb muscle blood flow patterns at rest and during exercise as well as the exaggerated exercise pressor reflex in rats with ligated femoral arteries closely resemble the leg blood flow patterns at rest and during exercise (4) and the exaggerated exercise pressor reflex that is found in patients with peripheral arterial disease (PAD) (4 -6, 25) . Moreover, at rest, PAD patients have increased levels of IL-6 and sIL-6r in their mixed venous blood compared with healthy age-matched subjects (3, 9, 17, 30, 36) . During exercise, levels of IL-6 in the mixed venous blood increased to a greater extent in PAD patients than they did in healthy age-matched subjects (30, 36) . The role played by IL-6 and sIL-6r on the exaggerated exercise pressor reflex in PAD patients or in rats with ligated femoral arteries, however, is unknown. The purpose of the present study was to investigate the role played by IL-6 and sIL-6r in evoking the exercise pressor reflex in decerebrate rats with freely perfused and ligated femoral arteries. We tested the hypotheses that 1) coinjection of IL-6 and sIL-6r into the arterial supply of the hindlimb of rats with freely perfused femoral arteries increases the exercise pressor reflex and 2) injection of sgp130 into the arterial supply of the hindlimb decreases the exercise pressor reflex in rats with a ligated femoral artery but not in rats with freely perfused femoral arteries.
MATERIALS AND METHODS
All procedures and protocols were approved by the Institutional Animal Care and Use Committee of the Penn State College of Medicine. Experiments were performed on adult male Sprague-Daw-ley rats (n ϭ 51, body weight range: 343-510 g). In 14 rats, the left femoral artery was ligated 72 h before the experiment. Specifically, rats were anesthetized with 3-4% isoflurane (balance O 2), and the left femoral artery was surgically exposed and ligated tightly (5-0 silk suture) ϳ3 mm distal to the inguinal ligament. Three rats were subjected to sham surgery, which consisted of exposing the left femoral artery and then passing a suture under the artery without tying it. The experiments described below were completed in rats whose left femoral artery was ligated 72 h before the experiment ("ligated rats," n ϭ 14), rats subjected to sham surgery ("sham rats," n ϭ 3), or rats who were not subjected to any surgery and thus had patent femoral arteries ("freely perfused rats," n ϭ 34). See the text below and also Table 1 for details regarding the numbers of rats in each experimental group.
Surgical procedures. On the day of the experiment, rats were anesthetized with 3-4% isoflurane (balance O 2). The trachea was cannulated, and the lungs were mechanically ventilated (Harvard Apparatus) with the gaseous anesthetic until the decerebration procedure was completed. The right jugular vein and right carotid artery were cannulated with polyethylene (PE)-50 catheters for the injection of fluids and measurement of arterial blood pressure (P23 XL, Statham), respectively. Heart rate (HR) was calculated beat to beat from the arterial pressure pulse with a Gould Biotach. In freely perfused rats, the left carotid artery was cannulated with a PE-10 catheter whose tip was advanced to ϳ3-4 mm above the bifurcation of the abdominal aorta. Reversible snares (2-0 silk suture) were placed around the right iliac artery and vein and the abdominal aorta and vena cava (above the tip of the PE-10 catheter). In ligated and sham rats, the left superficial epigastric artery was cannulated with a PE-8 catheter whose tip was placed near the junction of the femoral and superficial epigastric arteries. A reversible snare (2-0 silk suture) was placed around the left iliac artery and vein (i.e., proximal to the location of the catheter placed in the superficial epigastric artery). In all rats, the left sciatic nerve was surgically exposed. The left calcaneal bone was severed, the triceps surae (gastrocnemius, soleus, and plantaris) muscles were exposed, and the severed end of the calcaneal tendon was linked to a force transducer (model FT10, Grass Technologies, Warwick, RI), which was attached to a rack-and-pinion. In eight freely perfused rats in which IL-6 and sIL-6r were injected into the arterial supply of the hindlimb (see below), an ultrasonic flow probe (Transonic) was placed on the left popliteal artery (which supplies the triceps surae muscles) to measure blood flow. For all rats, arterial blood gases and pH were measured periodically throughout the experiment with a blood gas analyzer (ABL 80 FLEX, Radiometer) and maintained within normal limits (arterial PCO 2: 35-45 mmHg, arterial PO2: ϳ100 mmHg, and pH: 7.35-7.45) by the adjustment of ventilation and/or administration of intravenous sodium bicarbonate (8.5%) as appropriate. Core temperature was measured by a rectal probe and maintained at ϳ37-38°C by a heating lamp.
Rats were placed in a Kopf customized stereotaxic frame and spinal unit with clamps placed around the pelvis and rostral lumbar vertebrae. Dexamethasone (0.2 mg iv) was injected to minimize brain stem edema. A precollicular decerebration procedure was performed, and all neural tissue rostral to the section was aspirated. After the decerebration was completed, anesthesia was terminated, and the lungs were ventilated with room air. Rats were given at least 60 min to recover and stabilize before the initiation of any experimental protocol. Experiments were performed in decerebrate, unanesthetized rats because anesthesia has been shown to prevent the exercise pressor reflex in this species (37) .
Experimental procedures. In eight freely perfused rats, we compared peak pressor responses to static and intermittent isometric hindlimb muscle contraction before and after coinjection of 50 ng of IL-6 and 50 ng of sIL-6r (50 ng of IL-6 and sIL-6r) into the arterial supply of the hindlimb. Baseline triceps surae muscle tension was set at ϳ100 g, and the sciatic nerve was then stimulated for 30 s to contract the hindlimb muscles either statically (40 Hz, 0.01-ms pulse duration, Յ2 ϫ motor threshold) or intermittently (40 Hz, 0.01-ms pulse duration, 500 ms train duration, Յ2 ϫ motor threshold). Static and intermittent contraction periods were separated by ϳ10 -15 min and performed in random order. We then coinjected 50 ng of IL-6 and sIL-6r into the arterial supply of the left hindlimb via the catheter in the left carotid artery whose tip was located just above the bifurcation of the abdominal aorta. Before injection, the snares on the right iliac artery and vein and abdominal aorta and vena cava were tightened, which directed the injectate toward, and at least partially trapped the injectate within, the circulation of the left hindlimb. We have previously demonstrated that blue dye injected in this manner accessed the left hindlimb circulation (11) . The snares were released 10 min after coinjection of IL-6 and sIL-6r, and the hindlimb was allowed to reperfuse for ϳ50 min. Static and intermittent contraction protocols were then repeated in random order. The dose of IL-6 and sIL-6r and the timing of contractions relative to the injection were selected because Brenn et al. (8) found that coinjection of 20 ng of IL-6 and sIL-6r into the rat knee joint significantly increased primary afferent responsiveness to noxious stimuli after ϳ60 min. We chose to coinject 50 ng of IL-6 and sIL-6r because coinjection into the arterial supply of the hindlimb likely resulted in its distribution throughout the entire hindlimb circulation.
In additional groups of freely perfused rats, we performed the same experimental protocol as that described above for coinjection of 50 ng of IL-6 and sIL-6r but instead injected either 1) 50 ng of sgp130 concurrent with 50 ng of IL-6 and sIL-6r into the arterial supply of the left hindlimb (n ϭ 5), 2) 50 ng of IL-6 alone into the arterial supply of the left hindlimb (n ϭ 6), or 3) 50 ng of IL-6 and sIL-6r into the jugular vein (n ϭ 6). The intravenous injection experiments were performed to determine if systemic circulation of IL-6 and sIL-6r to central nervous system sites could explain the increased pressor responses to static and intermittent isometric hindlimb muscle contraction that we observed after injection of 50 ng of IL-6 and sIL-6r into the arterial supply of the hindlimb (see RESULTS). IL-6 and sIL-6r (Sigma-Aldrich) were dissolved in saline, which was also the vehicle for injections. sgp130 (Tocris) was reconstituted in 1% BSA in saline, which was also the vehicle for injections. The volume of injections across all experiments ranged from 0.1 to 0.3 ml.
To investigate whether IL-6 and sIL-6r play an endogenous role in the exercise pressor reflex, we injected sgp130 alone into the arterial supply of the left hindlimb of both freely perfused and ligated rats. In freely perfused rats, we compared the peak pressor response to static and intermittent hindlimb muscle contraction before and after injection of 50 ng (n ϭ 6) or 500 ng (n ϭ 6) of sgp130 into the arterial supply of the left hindlimb in the manner described above for coinjection of IL-6 and sIL-6r. In seven ligated rats and three sham rats, we compared the peak pressor response to static and intermittent isometric hindlimb muscle contraction before and after injection of 50 ng of sgp130 into the arterial supply of the left hindlimb via the catheter in the left superficial epigastric artery. The snare on the left iliac artery and vein was tightened just before injection and was released 10 min after injection. In three additional ligated rats, we compared the peak pressor response to static and intermittent contraction before and after injection of 0.1 ml of 1% BSA in saline, which was the vehicle for sgp130, into the arterial supply of the left hindlimb. In four additional ligated rats, we compared the peak pressor response to static and intermittent contraction before and after injection of 50 ng of sgp130 into the jugular vein. As described above, the intravenous injection experiments were performed to determine if systemic circulation of sgp130 to central nervous system sites could explain the decreased pressor response to static and intermittent contraction that we observed after injection of sgp130 in the arterial supply of the hindlimb of ligated rats (see RESULTS) .
After all contraction protocols were completed, all rats were paralyzed with pancuronium bromide (0.5 mg/kg iv), and the sciatic nerve was stimulated with the same stimulation parameters as those used to induce muscle contraction to ensure that the pressor responses observed during contraction were not the result of electrical activation of the axons of thin fiber afferents in the sciatic nerve. Smith et al. (37) reported that that stimulation of the sciatic nerve at 40 Hz with a pulse duration of 0.025 ms at 2 ϫ motor threshold produced marked pressor responses in decerebrate rats that had been paralyzed with pancuronium bromide. Based on that finding, we contracted the hindlimb muscles by stimulating the sciatic nerve at 40 Hz with a pulse duration of 0.01 ms at Յ2 ϫ motor threshold. We have recently reported that stimulation of the sciatic or tibial nerves at those stimulation parameters does not induce a pressor response in paralyzed, decerebrate rats (11, 40) .
Data analysis. All physiological variables were measured and displayed continuously in real time with a Spike2 data-acquisition system (Cambridge Electronic Design). Data were recorded and stored on a computer hard drive (Dell) for future offline analysis. Baseline mean arterial pressure (MAP) and HR values were determined from the 30-s baseline period that preceded contraction. The peak pressor (increase in MAP) and cardioaccelerator (increase in HR) response to static and intermittent hindlimb muscle contraction were calculated as the difference between the peak MAP and HR value obtained during contraction and the baseline MAP and HR value. Tension-time indexes (TTIs; in kg·s) for static and intermittent contraction were calculated by subtracting the area under the tension signal trace for the 30-s baseline period from the area under the tension signal trace for the 30-s contraction periods (contraction baseline). In some experiments, the increase in the rate-pressure product (RPP ϭ systolic blood pressure ϫ heart rate) was calculated by subtracting the baseline RPP from the peak RPP during muscle contraction.
All data are expressed as means Ϯ SE. Statistical comparisons were performed with paired or unpaired Student's t-tests as appropriate, and significance was accepted at P Ͻ 0.05.
RESULTS
Both static and intermittent hindlimb muscle contraction markedly increased MAP, although in both freely perfused and ligated rats, the pressor response evoked by static contraction was significantly larger than the peak pressor response evoked by intermittent contraction. Peak pressor responses to static and intermittent contraction were significantly greater in ligated rats than in freely perfused rats (Fig. 1) .
Effects of IL-6 and sIL-6r coinjection on the exercise pressor reflex. In eight freely perfused rats, coinjection of 50 ng of IL-6 and sIL-6r into the arterial supply of the hindlimb had no effect on baseline MAP, HR, or mean popliteal artery blood flow. Coinjection of 50 ng of IL-6 and sIL-6r, however, significantly increased the peak pressor response to static and intermittent hindlimb muscle contraction (Fig. 2) . Coinjection of IL-6 and sIL-6r had no effect on either the cardioaccelerator (Table 1) or mean popliteal artery blood flow response (Fig. 2) to static or intermittent contraction. Consequent to the exaggerated peak pressor responses, coinjection of IL-6 and sIL-6r resulted in significantly greater increases in the RPP for static (control: 5,818 Ϯ 1,218 mmHg·beats·min Ϫ1 and IL-6/sIL-6r: 7,705 Ϯ 1,424 mmHg·beats·min Ϫ1 , P ϭ 0.04) and intermittent (control: 4,981 Ϯ 819 mmHg·beats·min Ϫ1 and IL-6/sIL-6r: 8,237 Ϯ 1,680 mmHg·beats·min Ϫ1 , P ϭ 0.02) contractions. TTIs were not different between control and IL-6/sIL-6r conditions for either contraction protocol.
In five freely perfused rats, we found that the addition of 50 ng of sgp130 to the coinjection of 50 ng of IL-6 and sIL-6r (sgp130 ϩ IL-6/sIL6r) into the arterial supply of the hindlimb prevented the increase in the peak pressor response to static and intermittent contraction that was induced by coinjection IL-6 and sIL-6r only (Fig. 3A) . TTIs were not different between control and sgp130 ϩ IL-6/sIL-6r for static (control:
18 Ϯ 1 kg·s and sgp130 ϩ IL-6/sIL-6r: 18 Ϯ 2 kg·s, P Ͼ 0.05) or intermittent (control: 9 Ϯ 1 kg·s and sgp130 ϩ IL-6/sIL-6r: 9 Ϯ 2 kg·s, P Ͼ 0.05) contraction. Furthermore, in six freely perfused rats, injection of 50 ng of IL-6 alone into the arterial supply of the hindlimb had no effect on the peak pressor response to static or intermittent contraction (Fig. 3B) . TTIs were not different between control and IL-6 for static (control: 20 Ϯ 3 kg·s and IL-6: 19 Ϯ 1 kg·s, P Ͼ 0.05) or intermittent (control: 11 Ϯ 2 kg·s and IL-6: 10 Ϯ 1 kg·s, P Ͼ 0.05) contraction. In six additional freely perfused rats, coinjection of 50 ng of IL-6 and sIL-6r into the jugular vein had no effect on the peak pressor response to contraction (Fig. 3C) . TTIs were not different between control and IL-6/sIL-6r for static (control: 20 Ϯ 2 kg·s and IL-6: 19 Ϯ 2 kg·s, P Ͼ 0.05) or intermittent (control: 9 Ϯ 2 kg·s and IL-6: 9 Ϯ 2 kg·s, P Ͼ 0.05) contraction. There was no effect of any of the injections on the cardioaccelerator response to static or intermittent hindlimb muscle contraction ( Table 1) .
Effects of sgp130 injection on the exercise pressor reflex. In freely perfused rats, there was no effect of injection of 50 ng (n ϭ 6) or 500 ng (n ϭ 6) of sgp130 into the arterial supply of the hindlimb on the peak pressor response to static or intermittent hindlimb muscle contraction (Fig. 4) . In contrast, in seven ligated rats, injection of 50 ng of sgp130 into the arterial supply of the hindlimb significantly reduced the peak pressor response to static and intermittent contraction (Fig. 5 ). There were no effects of injection of sgp130 into the arterial supply of hindlimb on baseline MAP in either freely perfused or ligated rats. In three additional ligated rats, injection of 0.1 ml of 1% BSA, the vehicle for sgp130, into the arterial supply of the hindlimb had no effect on the peak pressor response to static (control: 23 Ϯ 6 mmHg and 1% BSA: 23 Ϯ 4 mmHg, P ϭ 0.87) or intermittent (control: 14 Ϯ 1 mmHg and BSA: 13 Ϯ 1 mmHg, P ϭ 0.63) contraction. Similarly, in three sham rats, injection of 50 ng of sgp130 had no effect on the peak pressor response to static (control: 15 Ϯ 2 mmHg and sgp130: 14 Ϯ 1 mmHg, P ϭ 0.31) or intermittent (control: 10 Ϯ 3 mmHg and sgp130: 11 Ϯ 4 mmHg, P ϭ 0.42) contraction. In four additional ligated rats, injection of 50 ng of sgp130 into the jugular vein had no effect on the peak pressor response to static (control: 21 Ϯ 2 mmHg and sgp130: 25 Ϯ 6 mmHg, P ϭ 0.36) or intermittent (control: 22 Ϯ 3 mmHg and sgp130: 23 Ϯ 4 mmHg, P ϭ 0.72) hindlimb muscle contraction. There was no effect of any sgp130 injection on the cardioaccelerator response to static or intermittent isometric contraction in freely perfused rats. In contrast, injection of sgp130 into the jugular vein slightly, but significantly, reduced the cardioaccelerator response to intermittent contraction (Table 1) . TTIs for static and intermittent contraction were not different between control and sgp130 for any group of rats.
DISCUSSION
Consistent with our hypothesis, we found that coinjection of 50 ng of IL-6 and sIL-6r into the arterial supply of the hindlimb increased the exercise pressor reflex in freely perfused rats. Fig. 1 . An example of original data from a freely perfused rat in which popliteal artery blood flow was measured during static and intermittent isometric hindlimb muscle contractions. Note the marked differences in the tension and blood flow profiles between the contraction bouts. HR, heart rate [in beats/min (bpm)]; ABP, arterial blood pressure. The large vertical spikes in the HR profile during intermittent contraction are artifacts. Inset: data from the control condition of all experiments in this investigation. Peak pressor responses to intermittent contraction were significantly lower than they were for static contraction ( †P Ͻ 0.05 vs. static), and peak pressor responses to static and intermittent contraction were significantly greater in ligated rats compared with freely perfused rats (*P Ͻ 0.05 vs. freely perfused rats). ⌬MAP, change in mean arterial pressure.
Also consistent with our hypothesis, we found that injection of sgp130, an endogenous inhibitor of IL-6 and sIL-6r signaling, into the arterial supply of the hindlimb decreased the exaggerated exercise pressor reflex in rats with ligated femoral arteries but did not decrease the exercise pressor reflex in rats with freely perfused femoral arteries. Our findings indicate, therefore, that IL-6/sIL-6r signaling contributes to the exaggerated exercise pressor reflex that is found in rats with ligated femoral arteries but does not contribute to the exercise pressor reflex in rats with freely perfused femoral arteries.
Our finding that the coinjection of IL-6 and sIL-6r, but not the injection of IL-6 alone, into the arterial supply of the hindlimb increased the exercise pressor reflex in freely perfused rats is consistent with the previous reports (27, 42) indicating that IL-6 signaling via sIL-6r is required to sensitize sensory neurons. Brenn et al. (8) , however, reported that the injection of IL-6 alone into the rat knee joint increased primary afferent responsiveness to noxious stimulation of the knee that was injected, but only at doses of IL-6 that were markedly higher than the dose of IL-6 and sIL-6r that increased primary afferent responsiveness. Whether the injection of doses of IL-6 that are Ͼ50 ng into the arterial supply of the hindlimb increase the exercise pressor reflex in rats with freely perfused femoral arteries is unknown.
We found that coinjection of IL-6 and sIL-6r into the arterial supply of the hindlimb of freely perfused rats had no effect on popliteal artery blood flow at rest or during static or intermittent isometric hindlimb muscle contraction. That was an important finding because IL-6 has been associated with impaired vascular function (15, 44) , which may be attributable, at least in part, to thrombaxane A 2 -induced arteriolar vasoconstriction (7). If we had found that coinjection of IL-6 and sIL-6r reduced popliteal artery blood flow during contraction, the increased exercise pressor reflex could have been secondary to the increased build up of metabolites as opposed to primary afferent sensitization per se. Nevertheless, we cannot rule out the possibility that coinjection of IL-6 and sIL-6r impacted hindlimb muscle blood flow distribution and produced a mismatch between microvascular O 2 supply and O 2 demand in the face of unchanged mean popliteal artery blood flow. Tsuchimochi et al. (41) , however, found that acute (i.e., 3 min) femoral artery ligation did not exaggerate the exercise pressor reflex in decerebrate rats. Based on that finding, even if coinjection of IL-6 and sIL-6r did impact hindlimb muscle Fig. 3 . A: in five freely perfused rats, injection of 50 ng of sgp130 in addition to 50 ng of IL-6 and sIL-6r into the arterial supply of the hindlimb had no effect on the peak pressor response to static or intermittent isometric hindlimb muscle contraction. B: in six freely perfused rats, injection of 50 ng of IL-6 alone into the arterial supply of the hindlimb had no effect on the peak pressor response to static or intermittent isometric hindlimb muscle contraction. C: in six freely perfused rats, injection of 50 ng of IL-6 and sIL-6r into the jugular vein (intravenous) had no effect on the peak pressor response to static or intermittent isometric hindlimb muscle contraction. TTIs were not different between control and IL-6/sIL-6r conditions for either contraction in all groups (see text). Numbers in columns indicate the corresponding baseline MAP values. Fig. 2 . In eight freely perfused rats, coinjection of 50 ng of IL-6 and soluble IL-6 receptor (sIL-6r) into the arterial supply (i.a.) of the hindlimb significantly increased the peak pressor response to static and intermittent isometric hindlimb muscle contraction. There were no effects of coinjection of IL-6 and sIL-6r on mean baseline popliteal artery blood flow or mean blood flow during static or intermittent isometric hindlimb muscle contractions (P Ͼ 0.05 between control and IL-6/sIL-6r at all time points). Numbers in columns indicate the corresponding baseline MAP values. TTI, tension-time index.
blood flow distribution in our experiments, it would not have contributed to the increased exercise pressor reflex in our rat model. Moreover, the fact that injection of IL-6 and sIL-6r into the jugular vein did not increase peak pressor responses to contraction in the present investigation indicates that IL-6/ sIL-6r signaling did not increase peripheral vasoconstriction in response to similar increases in sympathetic nervous activity during exercise. We believe, therefore, that our finding that coinjection of IL-6 and sIL-6r into the arterial supply of the hindlimb modestly, but significantly, increased the exercise pressor reflex in rats with freely perfused femoral arteries reflects the fact that IL-6 and sIL-6r sensitized the thin fiber afferents that evoke the exercise pressor reflex.
Injection of sgp130 concurrent with injection of IL-6 and sIL-6r into the arterial supply of the hindlimb prevented the ability of IL-6 and sIL-6r to increase the exercise pressor reflex in freely perfused rats. This finding is consistent with previous reports (8, 42, 45) that have found that the administration of sgp130 concurrent with IL-6 and sIL-6r prevented IL-6/sIL6r-induced afferent sensitization in response to noxious stimuli. Injection of sgp130 with IL-6 and sIL-6r into the rat knee joint, for example, prevented IL-6-and sIL-6r-induced increases in primary afferent (8) and spinal interneuron (42) responsiveness to noxious twisting of the knee joint.
We also found that injection of sgp130 alone into the arterial supply of the hindlimb reduced the exaggerated exercise pressor reflex in ligated rats. In contrast to our finding in ligated rats, injection of sgp130 into the arterial supply of the hindlimb did not reduce the exercise pressor reflex in freely perfused rats, even at doses of sgp130 that were 10 times greater than the effective dose of sgp130 in ligated rats. Jostock et al. (20) reported that, in addition to inhibiting IL-6/sIL-6r signaling, sgp130 may also inhibit signaling of the IL-6-related cytokines leukemia inhibiting factor and oncostatin M. Importantly, however, sgp130 showed a markedly higher affinity for IL-6/sIL-6r than it did for leukemia inhibiting factor and oncostatin M (20) . Our findings suggest, therefore, that injection of sgp130 at least partially reduced established endogenous IL-6/sIL-6r-induced sensitization of the primary afferents that evoke the exercise pressor reflex in ligated rats. In contrast, IL-6 and sIL-6 do play an endogenous role in evoking the exercise pressor reflex in freely perfused rats.
Our findings that coinjection of IL-6 and sIL-6r increased the exercise pressor reflex in freely perfused rats and that inhibition of IL-6 and sIL-6r signaling via injection of sgp130 reduced the exaggerated exercise pressor reflex in ligated rats raise the issue of the specific mechanisms through which IL-6/sIL-6r signaling sensitizes primary afferents. We did not specifically address that issue in this investigation, and, therefore, we can only offer our speculation based on the available literature. Previous studies (2, 26) have found that IL-6 and sIL-6r sensitize primary afferents by modulating the activity of 4 . In freely perfused rats, injection of 50 ng (A; n ϭ 6) or 500 ng (B; n ϭ 6) of soluble glycoprotein (sgp)130 into the arterial supply of the hindlimb had no effect on the peak pressor response to static or intermittent isometric hindlimb muscle contraction. Numbers in columns indicate the corresponding baseline MAP values. transient receptor potential vallinoid (TRPV)1 channels. In ligated rats, however, blockade of TRPV1 channels with iodoresiniferatoxin had no effect on the exercise pressor reflex (41) . IL-6 and sIL-6r may also modulate the activity of endoperoxide (EP) receptors (14) . Dina et al. (14) found, for example, that a single intramuscular injection of PGE 2 , which stimulates EP receptors, produced a marked hyperalgesia that was longer in duration when the muscle was pretreated with an injection of IL-6 compared when the muscle was pretreated with saline. Both EP3C and EP4 receptors have been shown specifically to produce PGE 2 -induced sensitization of dorsal root ganglion cells in vitro (38) , but Yamauchi et al. (46) found that blockade of EP4 receptors, and not EP3 receptors, reduced the exercise pressor reflex in ligated rats. Collectively, therefore, the mechanisms of endogenous IL-6/sIL-6r-induced sensitization of the primary afferents that evoke the exaggerated exercise pressor reflex in ligated rats are likely to involve EP4 receptors, but not TRPV1 receptors, although other receptors may also be involved.
The rat model of unilateral femoral artery ligation followed by 72 h of recovery has been shown to replicate the limb blood flow patterns at rest and during exercise (33, 47) and the exaggerated exercise pressor reflex (41) , which have been reported in PAD patients (4 -6, 25) . Previously, our laboratory (41) has found that the peak pressor response to static contraction was greater in ligated rats than in freely perfused rats. In the present investigation, we found that the peak pressor response to intermittent contraction was greater in ligated rats than in freely perfused rats. That finding is consistent with the increased pressor responses to during dynamic exercise found in PAD patients (4, 5, 25) . Our results, therefore, may have important implications for PAD patients, especially given the fact that greater levels of mixed venous blood IL-6 and sIL-6r are found in PAD patients compared with healthy age-matched subjects (3, 9, 17, 30, 36) . Our results may also have important implications for other disease states that have been associated with an exaggerated exercise pressor reflex and elevated levels of IL-6 and/or sIL-6r [e.g., heart failure (18, 32) ]. Whether IL-6/sIL-6r signaling contributes specifically to the exaggerated exercise pressor reflex in PAD and/or heart failure patients, however, remains unknown.
In conclusion, we found that coinjection of IL-6 and sIL-6r into the arterial supply of the hindlimb increased the exercise pressor reflex in rats with freely perfused femoral arteries. We also found that injection of sgp130, an inhibitor of IL-6 and sIL-6r signaling, into the arterial supply of the hindlimb had no effect on the exercise pressor reflex in rats with freely perfused femoral arteries but reduced the exaggerated exercise pressor reflex in rats with ligated femoral arteries. Our results indicate that IL-6 and sIL-6r are capable of increasing the exercise pressor reflex in rats with freely perfused femoral arteries and that endogenous IL-6 and IL-6r contribute to the exaggerated exercise pressor that is evident in rats with a ligated femoral artery.
